Abstract. The Weather Research and Forecasting model coupled with chemistry (WRF-Chem) is modified to include a volatility basis set (VBS) treatment of secondary organic aerosol formation. The VBS approach, coupled with SAPRC-99 gas-phase chemistry mechanism, is used to model gas-particle partitioning and multiple generations of gas-phase oxidation of organic vapors. In addition to the detailed 9-species VBS, a simplified mechanism using 2 volatility species (2-species VBS) is developed and tested for similarity to the 9-species VBS in terms of both mass and oxygen-to-carbon ratios of organic aerosols in the atmosphere. WRF-Chem results are evaluated against field measurements of organic aerosols collected during the MILA-GRO 2006 campaign in the vicinity of Mexico City. The simplified 2-species mechanism reduces the computational cost by a factor of 2 as compared to 9-species VBS. Both ground site and aircraft measurements suggest that the 9-species and 2-species VBS predictions of total organic aerosol mass as well as individual organic aerosol components including primary, secondary, and biomass burning are comparable in magnitude. In addition, oxygen-to-carbon ratio predictions from both approaches agree within 25 %, providing evidence that the 2-species VBS is well suited to represent the complex evolution of organic aerosols. Model sensitivity to amount of anthropogenic semi-volatile and intermediate volatility (S/IVOC) precursor emissions is also examined by doubling the default emissions. Both the emission cases significantly under-predict primary organic aerosols in the city center and along aircraft flight transects. Secondary organic aerosols are predicted reasonably well along flight tracks surrounding the city, but are consistently over-predicted downwind of the city. Also, oxygen-to-carbon ratio predictions are Correspondence to: M. Shrivastava (manishkumar.shrivastava@pnl.gov) significantly improved compared to prior studies by adding 15 % oxygen mass per generation of oxidation; however, all modeling cases still under-predict these ratios downwind as compared to measurements, suggesting a need to further improve chemistry parameterizations of secondary organic aerosol formation.
Introduction
Organic aerosol (OA) comprises a large fraction (20 to 90 %) of submicron particulate matter in the atmosphere affecting radiative climate forcing and human health Zhang et al., 2007) . Accurate representation of OA in models requires a good understanding of processes leading to formation and removal of OA in the atmosphere. OA is composed of directly emitted primary organic aerosols (POA) and photochemically produced secondary organic aerosols (SOA). POA is emitted from a variety of sources such as fossil fuel and biomass burning.
POA has traditionally been considered as non-volatile and non-reactive in air quality models. However, recently Robinson et al. (2007) showed that instead of a static fixed nonvolatile mass, POA is a dynamic system formed due to gasparticle mass transfer of a multi-component mixture of semivolatile organic species evolving as a function of atmospheric variables such as dilution, temperature, and pre-existing OA as predicted by absorptive partitioning theory (Shrivastava et al., 2006) . Thus, the conceptual model of Robinson et al. (2007) emits organic precursors which are lumped into nine surrogate volatility species separated by factor of 10 at 298 K (volatility basis set or VBS) classified as: (1) Semivolatile organic compounds (SVOC) with effective saturation concentrations (C * ) ranging 10 −2 to 10 3 µg m −3 and (2) Intermediate volatility organic compounds (IVOC) with C * ranging 10 4 to 10 6 µg m −3 . A substantial portion of SVOC mass will partition to POA in the atmosphere, while in the absence of photochemistry, the IVOC species remain as organic vapors under most atmospheric conditions. This multicomponent mixture of SVOC and IVOC (S/IVOC) species is assumed to undergo gas-phase photochemical oxidation by OH radicals resulting in formation of successively lower volatility species, which may condense to form SOA (Robinson et al., 2007; Shrivastava et al., 2006) . SOA formation also occurs through gas-phase oxidation of volatile organic compounds (VOCs with C * greater than 10 7 µg m −3 ) such as biogenic VOCs (e.g., terpenes and isoprene) and traditional anthropogenic VOCs (e.g., aromatics and higher MW alkanes and olefins) (Tsimpidi et al., 2010) . However, SOA formation through oxidation of S/IVOC precursors is thought to be more efficient as compared to VOC precursors, as S/IVOC species have lower volatility favoring partitioning to the particle phase after oxidation . SOA formed due to photochemical oxidation of S/IVOC precursors is named "SI-SOA", while oxidation of biogenic/traditional anthropogenic VOCs forms "V-SOA".
Aerosol Mass Spectrometer (AMS) measurements and subsequent analysis with Positive Matrix Factorization (PMF) classify total OA as hydrocarbon-like OA (HOA representing fresh primary OA), and oxygenated OA (OOA representing OA formed after chemical oxidation in the atmosphere) ). HOA and OOA have been shown to be good surrogates of urban POA and total SOA respectively in the atmosphere (Zhang et al., 2007) . Recent results show that SOA accounts for a large fraction of OA burden throughout the atmosphere with its fraction of total OA increasing from urban to remote continental locations (Zhang et al., 2007) . Previous "bottom up" chemical transport models based on parameterizations derived from laboratory experiments severely under-predicted the magnitude and evolution of SOA in polluted regions (de Gouw et al., 2005; Goldstein and Galbally, 2007; Hallquist et al., 2009; Heald et al., 2005; Volkamer et al., 2006) , while predictions in unpolluted biogenically-dominated regions do not show a similar under-prediction (Slowik et al., 2010; Tunved et al., 2006) . Recent modeling efforts have significantly increased the amount of SOA modeled in polluted regions, bringing model predictions closer to measurements Hodzic et al., 2010) . Using a box model and data from the MCMA-2003 campaign, Dzepina et al. (2009) combined different modeling approaches to close the gap between model and measurements for SOA. Dzepina et al. (2009) found that SI-SOA accounted for about half of the observed SOA mass. However, large uncertainties remain in terms of various model parameters and other SOA formation pathways and yields. Recently some models have been proposed which "age" semi-volatiles formed in V-SOA mechanisms by gas-phase reaction, as in e.g. Tsimpidi et al. (2010) . Dzepina et al. (2011) recently reported that the Tsimpidi et al. (2010) A-V-SOA mechanism produces enough SOA to match the regional observations, and that a large SOA over-prediction is observed when SI-SOA is also implemented.
In addition to mass, aerosol hygroscopicity is an important parameter affecting direct and indirect radiative forcing of climate. The hygroscopicity parameter κ was recently shown to be directly related to elemental oxygen to carbon molar ratios of OA (O:C ratio) for ambient aerosols in urban, remote and forest locations . Most of the largescale chemical transport models are not designed to represent the O:C ratio of OA due to complexity of processes involved. Prediction of O:C ratios also requires separate tracers for carbon and oxygen species for both freshly emitted and oxidized organic species in the atmosphere, with each class of organics (such as fresh, oxidized) being represented by a separate VBS of 8 or 9 volatility intervals (Hodzic et al., 2010; Shrivastava et al., 2008) . In chemical transport models, advection of this large set of organic species requires more computational time than chemistry and gas-particle partitioning combined. Models running online meteorology, such as the Weather Research and Forecasting Model coupled to chemistry (WRF-Chem) (Grell et al., 2005) , are especially susceptible to this large computational burden as compared to offline representations of meteorology in chemical-transport models, such as CHIMERE ) and CMAQ (Carlton et al., 2010) , because the advection time step is similar for meteorology and chemistry. An important advantage of online models is that they permit aerosol-radiation-cloudchemistry interaction processes and the associated feedback effects on meteorology to be simulated, whereas offline models cannot study these processes.
The objectives of this work are to: (1) implement a detailed OA mechanism in WRF-Chem based on a 9-species VBS that includes SOA formation from S/IVOC precursors (Robinson et al., 2007) and traditional anthropogenic/biogenic VOCs; (2) modify the ROB mechanism in terms of oxygen added per generation of oxidation and test predictions of O:C ratios; (3) develop a highly condensed 2-species SOA mechanism and evaluate it in terms of performance and computational speed compared to the more detailed VBS mechanism; and (4) evaluate the OA mechanisms using field measurements of organic aerosols collected during the 2006 MILAGRO field campaign in the vicinity of Mexico City.
We will show that it is possible to successfully develop highly condensed OA mechanisms that give very similar results to the detailed VBS mechanisms and are more suitable for real-time forecasting and climate model applications. It is also extremely important to test simplified organic aerosol mechanisms using a model configuration that can resolve much of the temporal and spatial variations of observed organic aerosols, before these mechanisms are routinely used in global models with coarse spatial resolution that are difficult to evaluate using point measurements. The terminology used for various classes of organic species used in this study is described in Table 1 for reference. (Grell et al., 2005) . WRFChem includes several options for gas-phase chemistry and aerosols. In this study, gas-phase chemistry is represented by the SAPRC-99 mechanism (Carter, 2000a,b) , and the aerosol lifecycle processes are represented by the MOSAIC aerosol module (Zaveri et al., 2008) . Aerosol species in MOSAIC includes sulfate, nitrate, ammonium, sodium, chloride, calcium, carbonate, other inorganics (i.e. dust), methanesulfonate, elemental carbon, organic matter, and aerosol water; however, until now organic matter has been treated as nonvolatile POA. Additional details of the WRF-Chem model as applied in this study have been described previously . Here, only processes and modifications to WRFChem relevant to simulating organic aerosol components are described in detail. The 9-species VBS mechanism for organic aerosols implemented in WRF-Chem is described first, followed by a discussion of the assumptions needed to develop a condensed 2-species mechanism.
Detailed 9-species VBS mechanism for OA
The 9-species VBS mechanism for POA and non-traditional SOA implemented in WRF-Chem is similar to that described by Robinson et al. (2007) and Shrivastava et al. (2008) , with modifications for global non-volatile fraction and amount of oxygen added per generation of oxidation as described later. Previous studies have already implemented versions of this mechanism using offline meteorological models (Hodzic et al., 2010; Tsimpidi et al., 2010) . The mechanism treats POA described by 9 surrogate species with C* values (at 298 K and 1 atm) of 10 −2 , 10 −1 , 10 0 , 10 1 , 10 2 , 10 3 , 10 4 , 10 5 , 10 6 µg m −3 . For each surrogate species, we treat both the aerosol phase species (in 4 size bins for this study) and the gas phase species. The bin boundaries for the size bins are 0.0391, 0.156, 0.625, 2.50, and 10.0 µm (dry diameter). Aerosol phase species for higher volatility (>10 4 µg m −3 ) could be neglected with little effect on OA predictions, but were included for completeness. In future applications, aerosol species of higher volatility would be excluded from WRF-Chem to save computational time. The POA species are segregated by two emissions sectors: biomass burning and anthropogenic (predominately fossil fuel). To allow calculating O:C ratios for the modeled OA, separate model species are used for the oxygen and non-oxygen (C, H, N) components of each species. This gives the following POA species: -POA(a) i,e,x,n = aerosol-phase POA, where i is the volatility species (1-9), e is either the biomass or anthropogenic emission sector, x is either the oxygen or non-oxygen component, and n is the size bin (1-4).
-POA(g) i,e,x = corresponding gas-phase POA species.
Partitioning between the gas and aerosol phase species is calculated using absorptive partitioning theory assuming thermodynamic equilibrium approach as described by Donahue et al. (2006) . The O:C ratio of bulk particulate OA evolves as a function of emissions of fresh primary organic material, oxidation of organic vapors with addition of oxygen mass after each generation of oxidation (Robinson et al., 2007) , gasparticle partitioning varying with ambient factors such as temperature, dilution and OA concentrations, and removal rates of OA and gas-phase semi-volatiles due to dry and wet deposition. An OM/OC (organic mass to organic carbon ratio) of 1.57 and 1.25 for biomass burning and anthropogenic emissions respectively is assumed, converting OM emission rates to OC. Elemental O:C ratios of 0.3 and 0.06 are assumed for fresh biomass burning and anthropogenic emissions for calculating the oxygen fraction of each species. In addition, non-oxygen (carbon, hydrogen and nitrogen) to carbon ratio of 1.17 was assumed for all species. These assumptions are consistent with PMF analysis of ambient AMS data by Aiken et al. (2008) in Mexico City. The sum of oxygen and non-oxygen parts for each species equals total OM input to WRF-Chem, thus all OM mass is accounted for in the gas-particle partitioning calculations. The gas-phase POA species react with OH to produce more-oxygenated and lower-volatility SI-SOA species, as described in Sect. 2.1.2.2. These SI-SOA species are represented in the mechanism by SI-SOA(a) i,e,x,n and SI-SOA(g) i,e,x , for i = 1,8 representing 8 oxidized volatility species as described by Shrivastava et al. (2008) .
In addition to the 9-species VBS mechanism for POA and non-traditional SOA, we include a 4-species VBS treatment of traditional SOA (referred to as V-SOA) produced by oxidation of biogenic and traditional anthropogenic VOCs. C * for describing V-SOA ranges from 1 to 10 4 µg m −3 . We segregate the V-SOA species by the parent-VOC emissions sector (biogenic and traditional anthropogenic). This gives the following V-SOA species:
V-SOA(a) i,e,n = aerosol-phase V-SOA, where i is the volatility species (1-4), e is either the biogenic or traditional anthropogenic emission sector, and n is the size bin (1-4).
V-SOA(g) i,e = corresponding gas-phase V-SOA species. The mechanism does not treat further oxidation of the V-SOA gas-phase species, so separate model species for oxygen and non-oxygen component are not required for calculating O:C ratios. Instead, we assume a fixed OM:OC (mass) ratio of 1.90 and O:C (elemental) ratio of 0.4 for V-SOA .
Overall, there are 180 POA species (36 gas, 144 aerosol), 160 SI-SOA species (32 gas, 128 aerosol), and 40 V-SOA species (8 gas, 32 aerosol) in the mechanism. The total SOA formed at any time within the modeling domain is the sum of SI-SOA and V-SOA after gas-particle partitioning calculations.
Emissions
An updated anthropogenic emissions inventory is used for MILAGRO 2006 from the work of Song et al. (2010) . The anthropogenic emissions inventory includes traffic emissions and municipal trash burning as well as emissions from a wide range of point, and area sources. Municipal trash burning emissions are estimated to be comparable in magnitude to traffic emissions, but most of the trash burning sources are located outside the city. Also, municipal trash burning is expected to have similar OA spectra as fresh vehicular emissions dominated by hydrocarbon-like OA (HOA) with also some similarities with BBOA (Mohr et al., 2009) . In this work, OA emissions from municipal trash burning and vehicular emissions are lumped together. BBOA represents primary biomass burning OA emissions.
Biomass burning estimates are derived from satellite remote sensing data. Emissions of gases and particles from open burning were calculated using the Fire inventory from NCAR version 1 (http://bai.acd.ucar.edu/Data/fire/). This method is based on the estimation framework described by Wiedinmyer et al. (2006) . Fire counts (MODIS Data Processing System, MODAPS) were provided by the University of Maryland (Giglio et al., 2003; MODIS Rapid Response Project) . Land cover was determined with the MODIS Land Cover Type product (Friedl et al., 2010) and fuel loadings from Hoezelman et al. (2004) . Emission factors were taken from multiple sources (Akagi et al., 2011; Andreae and Merlet, 2001 ). The non-methane organic compounds were speciated to the SAPRC-99 mechanism based on species-specific emission factors and the ecosystem type in which the fire burned.
Representation of biomass burning within models is uncertain due to errors arising from calculations of plume rise, horizontal mixing of point sources and also due to the fact that several small fires may not be captured by remote sensing data . In this work, fire emission injection heights are treated the same as was described in Fast et al. (2009), Sect. 3.3 . Emissions from fires are distributed uniformly within ∼300 m of the ground since insufficient information (e.g. fire temperature) was available to compute plume rise. Visual observations from aircraft also suggested low plume rise for these fires (R. Yokelson, personal communication, 2008) . SVOC and IVOC emissions corresponding to both anthropogenic and biomass burning emissions are derived as follows:
Total SVOC emissions (organic vapors with C * of 0.01-10 4 µg m −3 ) are estimated as 3 times POA emissions for both anthropogenic and biomass burning emissions in Mexico City following Hodzic et al. (2010) and Tsimpidi et al. (2010) . As discussed by Tsimpidi et al. (2010) , POA emissions in Mexico City Metropolitan Area (MCMA) were derived for ambient conditions and reflect remaining aerosol fraction after evaporation of associated semi-volatile vapors. Since SVOC emissions were not measured in Mexico City, the ratio of SVOC to POA (assumed to be 3 in this work) is poorly constrained. In the future, it is recommended to measure and include SVOC in emission inventories to better constrain OA predictions in models. The total SVOC emissions are then distributed among different volatility species with C * ranging 0.01-10 4 µg m −3 using the mass fractions suggested by Robinson et al. (2007) with one modification. Recently, Cappa and Jimenez (2010) found that a significant fraction of POA emissions in Mexico City was globally non-volatile i.e. it would remain in particle phase under all ambient conditions. Using the default volatility distribution from Robinson et al. (2007) in the CHIMERE model, Hodzic et al. (2010) found that POA was too volatile downwind of Mexico City. In this work, using the globally non-volatile fraction suggested by Cappa and Jimenez (2010) , 9 % of POA emissions from biomass burning and 22 % of POA emissions from anthropogenic sources are represented by the lowest volatility species with C * of 0.01 µg m −3 thus rendering this fraction to be non-volatile under all relevant ambient conditions in and around Mexico City. It should be noted that this assumption did not change the volatility distribution for biomass burning emissions used by Hodzic et al. (2010) . Also, the volatility distribution for anthropogenic carbon used in this work is similar to biomass carbon, except the use of 23 % POA emissions for the species with the C * of 0.01 µg m −3 , in comparison to 9 % used by Hodzic et al. (2010) for anthropogenic carbon. The IVOC emissions (organic vapors with C * of 10 4 -10 6 µg m −3 as shown in Table 1 ) are estimated as 1.5 times SVOC emissions (4.5 times traditional POA emissions) for both biomass burning and anthropogenic emission sources consistent with Robinson et al. (2007) . Thus, the sum of all SVOC and IVOC precursors in the inventory is 7.5 times the mass of traditional POA emissions inventory. Addition of this large pool of S/IVOC precursors to the inventory is supported by an observed gap between measured OH reactivity and calculated OH reactivity based on known VOC precursors in Mexico City . Table 2 shows the mass factors (f i ) used to calculate S/IVOC emissions from POA emissions (converted to OC) in each category. The non-oxygen part of OM is calculated as 1.17 times the carbon part, while the oxygen part is derived from O:C ratios, as described in Sect. 2.1.
The MEGAN (Model of Emissions of Gases and Aerosols from Nature, http://bai.acd.ucar.edu) model (Guenther et al., 2006 ) is used to generate biogenic emissions in the modeling domain within and around Mexico City. The 138 biogenic species from MEGAN are lumped into 3 biogenic VOC classes: isoprene (ISOP), terpenes (TERP) and sesquiterpenes (SESQ). In addition, anthropogenic VOC emissions including lumped classes corresponding to alkanes (ALK4 and ALK5), olefins (OLE1 and OLE2), and aromatics (ARO1 and ARO2) are included in the inventory corresponding to the SAPRC-99 mechanism, as described by Tsimpidi et al. (2010) . Isoprene and terpene emissions calculated by the NEI emissions inventory (http://mexiconei.blogspot.com/2007/ 01/national-emissions-inventory-now.html) for Mexico domain are removed to avoid double counting of biogenic emissions (already calculated by MEGAN model within the domain). This also removes the anthropogenic isoprene emissions within the modeling domain. Hodzic et al. (2009) showed that contributions of SOA formed due to oxidation of anthropogenic isoprene precursors was low ∼0.2 µg m −3 on an average during March 2006 at T0 site in Mexico City. As compared to Hodzic et al. (2009) , this study predicts significantly lower V-SOA as discussed in the Supplement. This difference is chiefly due to lower yields for biogenic SOA precursors including isoprene in this study, as compared to parameterizations used by Hodzic et al. (2009) that were based on yields from Henze and Seinfield (2006) and Pun et al. (2006) . However, V-SOA is expected to be a minor contributor to total SOA in the Mexico City region (Hodzic et al., 2010) . Also, neglecting anthropogenic isoprene emissions does not affect the main objective of this paper (intercomparison of different OA formulations), as all the formulations use the same isoprene emissions.
Gas phase chemistry
All gas-phase chemistry equations leading to ozone and SOA formation are included within the Kinetic Pre-Processor (KPP) in WRF-Chem (Damian et al., 2002) . The SAPRC-99 mechanism includes 211 reactions of 56 gases and 18 free radicals. This mechanism is updated to include gas-phase oxidation of various S/IVOC precursors forming SOA (A-SI-SOA and BB-SI-SOA for anthropogenic and biomass burning SI-SOA respectively), and SOA formed due to oxidation of VOC precursors from traditional anthropogenic and biogenic emissions (A-V-SOA and B-V-SOA respectively). The detailed treatment of OA and the inorganic MOSAIC aerosol module in WRF-Chem constitute a comprehensive representation of processes leading to organic and inorganic aerosol formation in the atmosphere. In the present version, the gasparticle partitioning of SOA species is treated as an instantaneous equilibrium process, while the gas-particle mass transfer of inorganic species is treated as a particle size-dependent dynamic process. Also, the organic and inorganic species are not allowed to interact with each other in the particle phase state and water uptake calculations. These assumptions will be relaxed in the future as experimentally derived parameterizations of complex physicochemical interactions between organic and inorganic species as well as dynamic condensation, evaporation, and reactive uptake of organic gases are implemented in the MOSAIC aerosol module.
SI-SOA formation
Observations suggest continued SOA production as pollutants leave the Mexico City basin during low biomass burning periods Kleinman et al., 2008) . Thus, multi-generational SOA chemistry and/or SOA formation from longer lived precursors are consistent with ambient observations. SI-SOA formation from multi-generational gas-phase oxidation of S/IVOC precursors are calculated using oxidation parameters proposed by Robinson et al. (2007) with one modification. The mass of parent SVOC or IVOC species is assumed to increase by 15 % for each generation of oxidation to account for added oxygen mass or functionalization. This is equivalent to assuming that 2 atoms of oxygen are added to an equivalent C 15 H 32 precursor per generation of oxidation. In comparison, Robinson et al. (2007) assumed an addition of 7.5 % mass due to added oxygen. The oxidation mechanism proposed by Robinson et al. (2007) was not designed to predict the oxidation state of OA in the atmosphere. Use of 7.5 % added oxygen mass has been shown to severely under-predict the O:C ratios in the atmosphere (Hodzic et al., 2010) . Jimenez et al. (2009) suggested that 1 to 3 oxygen atoms could be added per generation of oxidation. Grieshop et al. (2009) used 40 % increase in mass due to addition of oxygen per generation of oxidation for wood smoke. Thus, the addition of 2 oxygen atoms is a fairly conservative assumption improving O:C ratio predictions as compared to 1 oxygen atom added by Robinson et al. (2007) . An OH reaction rate constant of 4×10 −11 cm 3 molecule −1 s −1 is assumed for all SVOC and IVOC species. The equations governing oxidation of S/IVOC precursors are written within the KPP module of WRF-Chem as follows:
where, i denotes any given volatility species except the lowest volatility, i − 1 denotes the species with C * equal to i/10, e denotes the source type, and subscripts c and o represent the non-oxygen and oxygen parts respectively of given species. As shown by equations (1) and (3), oxidation of non-oxygen part of SI-SOA precursor i results in formation of non-oxygen and oxygen parts (15 % by mass for 2 oxygen atoms added) of SI-SOA with successive lower volatility i − 1. Since molecular weights of all VBS species are assumed as 250 g mole −1 mass yields are same as molar yields, so 0.15 is used as oxygen yield per oxidation step within KPP. Equations (2) and (4) account for movement of oxygen part of each precursor to lower volatility. Thus at any time, both non-oxygen and oxygen parts of any given species move to successively lower volatility species due to oxidation, satisfying mass conservation. The lowest volatility species (C * equal to 0.01 µg m −3 ), was assumed to be non-reactive, neglecting fragmentation reactions, following Robinson et al. (2007) . In Eqs. (2) and (4), OH was added to both sides of the equations to make sure that OH loss is not double counted by oxidation of non-oxygen and oxygen parts of the same species.
V-SOA formation
SOA formation from biogenic and traditional anthropogenic VOCs (V-SOA) is represented using fixed yields of these species using a 4-product VBS following Tsimpidi et al. (2010) . For alkane, olefin, isoprene, terpene and sesquiterpene SOA species, mass yields are similar to Tsimpidi et al. (2010) . For aromatic species yields from Hildebrandt et al. (2009) are implemented. Aging of VOCs in the gas-phase could be represented by the following equation:
where i is the volatility species, a i is the overall NO x dependent molar yield calculated from Eq. (6), a i,high and a i,low are the molar yields under high and low NO x conditions respectively, B is the NO x branching ratio as defined by Lane et al. (2008) , and V-SOA(g) i is the gas phase V-SOA precursor concentration. The reaction rates of various VOC species with the OH radicals in Eq. (5) are already present within the SAPRC-99 mechanism, as a part of gas-phase chemistry, with the exception of sesquiterpenes. In this work, it is assumed that sesquiterpenes have the same OH reaction rate as the terpene species in SAPRC-99. While sesquiterpenes may react much faster with OH radicals as compared to terpenes, their emissions are significantly lower. Sesquiterpene concentrations within the modeling domain are atleast an order of magnitude lower than terpenes. Formation of V-SOA(a) i is represented by gas-particle partitioning of V-SOA(g) i defined by absorptive partitioning theory as discussed by Donahue et al. (2006) . However, in contrast to Tsimpidi et al. (2010) , no further aging of the V-SOA(g) i species is implemented in WRF-Chem as including it leads to larger regional over-prediction of SOA (Dzepina et al., 2011) . Aging parameterizations based on smog chamber measurements are very uncertain as they try to predict SOA formation over longer time-scales (photochemical ages) than so far have been accessible in chambers (Ng et al., 2010) . Smog chamber measurements need to be carried out to much longer time-scales (over several days) and OH exposures to quantify and parameterize multi-generational V-SOA formation from both biogenic and traditional anthropogenic precursors.
In this work, V-SOA yields are NO x dependent as described by Tsimpidi et al. (2010) . Table S1 in the Supplement lists mass yields of various V-SOA precursors represented by the 4-product VBS species V-SOA(g) i . Molar yields are required as the SAPRC-99 mechanism lists equations and reaction rates in molecular units within the Kinetic Pre-Processor (KPP) in WRF-Chem. Mass yields listed in Table S1 are converted to molar yields by multiplying them with the ratio of molecular weights of V-SOA(g) i species (assumed to be 250 g mole −1 ) and the corresponding VOC(g)precursors taken from the CAMx User's guide for SAPRC 1999 mechanism (CAMx vs 5.10 User's guide, 2009). The assumed enthalpy of vaporization H vap for the V-SOA(g) i species are equal to same-volatility SI-SOA(g) i species shown in Table 1 .
Condensed 2-species OA mechanism
As discussed earlier, the addition of a large number of species represents a huge computational burden in terms of advection alone. Development of a condensed 2-species mechanism is attractive for computational efficiency in large-scale global simulations. In this section, assumptions and parameterizations for development of the condensed 2-species mechanism within WRF-Chem are discussed.
The condensed mechanism represents POA by two volatility species with C * values (at 298 K and 1 atm) of 10 −2 and 10 5 µg m −3 respectively. Separate POA species are used to represent the two emissions sectors and the oxygen and nonoxygen (C, H, N) components of each species as described in Sect. 2.1 above. This gives the following: -POA(a) i,e,x,n = aerosol-phase POA, where i is the volatility species, e is either the biomass or anthropogenic emission sector, x is either the oxygen or nonoxygen component, and n is the size bin (1-4) as described in Sect. 2.1.
The gas-phase POA(g) i = 2,e,x species (C * of 10 5 µg m −3 ) reacts with OH to produce SI-SOA(a) i = 1,e,x,n and SI-SOA(g) i = 1,e,x (C * of 10 −2 µg m −3 ). Note that POA (a) i = 2,e,x would almost entirely remain in the gas phase under most atmospheric conditions due to its high volatility. In addition to the 2-species VBS mechanism for POA and non-traditional SI-SOA, we include a 1-species treatment of traditional SOA (referred to as V-SOA) produced by oxidation of biogenic and traditional anthropogenic VOCs. V-SOA C * is assumed to be equal to 1 µg m −3 corresponding to the lowest volatility species in 4-product VBS for V-SOA in Sect. 2.1.2. We segregate the V-SOA species by the parent-VOC emissions sector (biogenic and traditional anthropogenic) giving V-SOA(a) i=1,e,n and V-SOA(g) i=1,e as described in Sect. 2.1.2.
In the condensed mechanism, there are 40 POA species (8 gas, 32 aerosol), 20 SI-SOA species (4 gas, 16 aerosol), and 10 V-SOA species (2 gas, 8 aerosol) in the mechanism.
S/IVOC emissions
The condensed 2-species approach represents POA and SOA as the first volatility species with C * of 10 −2 µg m −3 . This approach assumes that both POA and SOA in the model are non-volatile under most atmospherically relevant conditions. POA emissions are assumed to be 1/3rd of SVOC emissions in the 9-species VBS approach discussed in Sect. 2.1.1., allowing 2/3rd of SVOC emissions to have already evaporated relative to 9-species VBS approach, thus implicitly accounting for gas-particle partitioning. IVOC emissions (are 6.5 times POA and include 2/3rd of SVOC emissions) are represented as the 2nd IVOC species with of C * of 10 5 µg m −3 . The 2nd species represents all gas phase S/IVOC emissions within the modeling domain. Hence C * for this species is chosen to be in the IVOC range to ensure all material remains in the gas phase under most atmospheric conditions. The total SVOC and IVOC emissions in the 2-species VBS approach are equal to the 9-species VBS. Table 2 shows the factors (f i ) used to calculate S/IVOC emissions from POA. As discussed earlier POA emissions are divided by 1.57 and 1.25 for biomass burning and anthropogenic emissions respectively, to convert OM to OC prior to application of factors f i in Table 2 . The enthalpy of vaporization H vap is assumed to be 83 kJ mol −1 as in Pye and Seinfield (2010) , but the model is not very sensitive to H vap for the two volatility species used in the condensed mechanism as the material represented by either species is firmly in one phase and far from the region where substantial fractions are in both phases.
The SAPRC-99 gas-phase chemistry leading to ozone formation in condensed 2-species VBS is exactly the same as detailed 9-species VBS. However, reactions and SOA yield leading to SI-SOA and V-SOA formation are different and are discussed in the following section.
SOA formation SI-SOA
SI-SOA is formed by gas-phase oxidation of S/IVOC vapors represented by the 2nd volatility species (C sat of 10 5 µg m −3 ), with each generation of oxidation moving material to the 1st volatility species, thus representing 7 orders of magnitude reduction in volatility. For a given reaction rate and S/IVOC emissions, this mechanism will be much faster in producing SOA as compared to the 9-species VBS. In order to align SOA predictions from the 2 species VBS to the 9-species VBS, the reaction rate with OH radical is reduced by a factor of 7 as compared to 9-species VBS approach (OH reaction rate of 0.57×10 −11 molecule cm −3 s −1 ). An addition of 50 % oxygen mass is also assumed for the one generation of oxidation (instead of 15 % in the 9-species VBS approach) following the discussions by Pye and Seinfield (2010) .
Equations (1)- (4) are repeated within KPP for the 2-species VBS approach, but these equations are only written once resulting in oxidation of S/IVOC of species 2 on the left hand side to form SI-SOA represented by species 1 on the right hand side. The large addition of oxygen and reduction of volatility in one oxidation step is not meant to represent a physical process, but rather to parameterize the average effect of the more complex real processes, as the 7 times slower OH reaction rate makes up for the large changes, bringing predictions of SI-SOA in the 2-species VBS closer to 9-species VBS as shown later.
V-SOA
V-SOA formation is represented using fixed 1-product yields of these species. In the 4-product basis set for V-SOA as described by Tsimpidi et al. (2010) , the lowest volatility species has a C * of 1 µg m −3 . For consistency, the volatility of 1-product V-SOA is assumed to have a C * of 1 µg m −3 at 298 K. The NO x dependent 1-product mass yields for traditional anthropogenic and biogenic V-SOA precursors are given in Table S2 in the Supplement. The SOA yields for olefin species are chosen to be equal to the yields corresponding to species with C * of 1 µg m −3 in the 4-product VBS from Tsimpidi et al. (2010) . For alkane species, since SOA yields corresponding to species with C * of 1 µg m −3 are zero in Tsimpidi et al. (2010) , yields from the next higher volatility species (C * of 10 µg m −3 ) are assigned to the lowest volatility species. Yields for ARO1 and ARO2 are assumed to be equal to toluene and m-xylene SOA yields respectively following Ng et al. (2007b) . These yields are chosen to be higher than respective ARO1 and ARO2 yields corresponding to C * of 1 µg m −3 in Table 3 . Yields for TERP and SESQ species are assumed to be equal to α-pinene and aromadendrene respectively (Ng et al., 2007a) . All yields are chosen at lowest M 0 values measured during the experiments which are closer to ambient SOA concentrations. The traditional A-V-SOA and B-V-SOA predicted from the 4-species formulation shown in Table S1 were found to be similar to the 1-species formulation shown in Table S2 . All SOA formation in this work is assumed to result from photochemical reaction with OH radicals. Reactions with O 3 and NO 3 radicals may also be important for SOA formation under certain conditions (e.g. Capouet et al., 2008) , and they will be incorporated into WRF-Chem in the future.
Dry and wet deposition
Dry deposition for all gas-phase SOA precursor species is calculated using the resistance model of Wesely (1989) assuming a Henry's law constant of 2700 M atm −1 which is used for species such as cresol and condensable organic gases as documented in CAMx user's guide (Environ, 2009) . Dry deposition of OA is treated within MOSAIC similar to inorganic aerosols. Wet deposition is neglected in present work. Cloud-aerosol interactions, including wet removal, for all aerosols are not accounted for because the first two weeks of the MILAGRO campaign were mostly cloud free (Fast et al., 2007) . Periods of afternoon convection and scattered precipitation did occur during the last week of the field campaign, but previous simulations using WRF-Chem by Fast et al. (2009) found that the amount of aerosols removed by the wet deposition during that period was relatively small. Also, the computational burden of handling the cloud processes would be excessive in the 9-species VBS formulation due to the need to transport both interstitial and cloud-borne copies of each aerosol species. This would almost double the cost of the simulation. The condensed 2-species VBS formulation developed in this work is more suitable for complex cloud-aerosol interactions in WRF-Chem.
Modeling runs
A nested grid configuration with an outer grid using 12 × 12 km 2 grid spacing and an inner grid using 3 × 3 km 2 grid spacing is used to model the Mexico City region. For both detailed and condensed mechanisms, all OA species including freshly emitted POA and SOA are assumed to form an ideal solution. The total OA within the modeling domain is calculated as the sum of POA, SOA, and a small amount (0.1-0.3 µg m −3 ) of background OA coming from boundary conditions obtained from MOZART global simulations of trace gases and aerosols (Emmons et al., 2010) . Initial and boundary condition for all newly added VBS OA species is assumed to be zero. Three modeling cases were carried out. The 9-species VBS was run for two anthropogenic S/IVOC emissions cases: (1) default emissions from 2006 inventory (2) twice the amount of default S/IVOC emissions as compared to (1). S/IVOC emissions from biomass burning are assumed to be identical in both cases. The reasoning behind these runs is that default emissions from (1) using the 2006 MCMA inventory significantly under-predicted HOA as compared to AMS measurements. Using twice the amount of S/IVOC emissions allows us to study the sensitivity of HOA and SOA to anthropogenic emissions. In the third model Case, the condensed 2-species VBS mechanism was run with S/IVOC emissions equal to Case (2) above. Thus comparison of Cases (2) and (3) enables us to evaluate the condensed mechanism against the detailed 9-species VBS mechanism. The condensed mechanism predicts the same information as the 9-species VBS including source-resolved POA and SOA mass concentrations, and evolution of O:C ratios using the 4-species sectional representation for aerosols. For comparison with measurements, model predictions are spatially and temporally interpolated to the location of the measurement for both aircraft flights and ground site data using the Aerosol Modeling Testbed Toolkit developed for WRF (Fast et al., 2011) . Ground measurements are compared with the lowest level in the model ( z ∼25 m). Comparisons between measurements and model predictions are done at local ambient conditions of pressure and temperature for both ground sites and aircraft flights. Also, all WRFChem results are extracted for the inner grid using 3 × 3 km 2 grid spacing. Spatial maps shown in the present study (for e.g. Fig. 1 ) represent the part of modeling domain where the nested grid configuration was used. The larger 12 × 12 km 2 grid spacing modeling domain is shown in previous studies e.g. Fast et al. (2007) . In WRF-Chem, the predicted OA in particle size bins 1-3 (0.039-2.5 µm dry diameter) is compared to AMS measurements. Fraction of mass in the third size bin (between 0.625 µm and 2.5 µm) was often less than 15 % of total PM 2.5 OA mass.
Results and discussion
In this section, the three modeling cases are evaluated with highly time-resolved AMS measurements at two surface sites (T0 and T1) and several aircraft flights (8 G-1 flight tracks and 2 C-130 flight tracks) within and around Mexico City. Predicted organic aerosols are evaluated with respect to mass of total OA, HOA, OOA and BBOA, and O:C ratio measurements. The rigorous evaluation with the comprehensive measurements in Mexico City region is essential to evaluate the emissions inventory and the OA mechanism, and also establish the utility of the simpler 2-species VBS mechanism in predicting OA concentrations for future regional and global simulations. Figure 1 shows spatial distributions of 24-day average total SOA surface concentrations during 6-30 March, 2006 as predicted by the three modeling cases. SOA predictions from 9-species VBS and condensed 2-species VBS cases (Cases 2 and 3) are very similar throughout the modeling domain. In comparison, Case 1 with half the anthropogenic S/IVOC emissions predicts lower SOA formation as expected, due to smaller amounts of S/IVOC precursors as compared to the other two cases. Figure 2 shows the 24-day average contributions of various SOA components as a percentage of OA for Case 2. As shown in Fig. 2a , A-SI-SOA contributes 20-30 % to OA at T0 site located within Mexico City. As the S/IVOC precursors move downwind and undergo multiple generations of oxidation chemistry, A-SI-SOA is dominant and contributes 50-70 % to OA. BB-SI-SOA forms the second major component contributing 10-30 % to OA as shown in Fig. 2b . The upper-right corner of Fig. 2b shows dominant BB-SI-SOA contribution in a part of Gulf of Mexico, but 24-day average absolute concentrations of BB-SI-SOA ranged 0.6-0.8 µg m −3 in that region, and were less than 1 µg m −3 over the entire Gulf of Mexico. In comparison, higher BB-SI-SOA concentrations ranging 1.7-2.0 µg m −3 are observed over land and areas surrounding Mexico City (at T0 and T1 sites not shown here). Figure 2c and d shows that both traditional SOA components (B-V-SOA and A-V-SOA) contribute a much lower fraction (2-5 %) to total OA. B-V-SOA is higher in areas where biogenic emissions are higher, whereas A-V-SOA is highest within the city and decreases downwind. The decrease in A-V-SOA is in contrast to the increase in A-SI-SOA downwind from Mexico City. This decrease is due to the fact that in the present formulation, A-V-SOA is formed only by first generation products of V-SOA precursors emitted close to the city and partially evaporates with dilution downwind of the city (Dzepina et al., 2011) , while A-SI-SOA formation continues downwind due to multiple generations of chemistry.
Spatial distributions of SOA

Evaluation of OA components at T0 site
The T0 site is situated within the center of Mexico City, representing an area dominated by urban emissions. In WRFChem oxidation by OH radicals leads to SOA formation, so accurate representation of OH radical concentrations is necessary. As shown in the Supplement Fig. S7 , WRF-Chem under-predicts OH concentration peak at day-time by a factor of 2 as compared to observations at the T0 site (Dusanter et al., 2009), but reproduces the timing of the OH peak. Also, WRF-Chem predicts near-zero OH concentrations during night-time, while measurements show higher concentrations. But effects of low OH concentrations observed during night-time (order of magnitude lower than day-time) on SOA formation is expected to be small. Model POA(a) i,antrhopogenic,x,n is compared to PMF HOA factor, SI-SOA(a) i,e,x,n + V-SOA(a) i,e,x,n is compared to PMF OOA, POA(a) i,biomass−burning,x,n is compared to PMF BBOA, and total simulated PM 2.5 OA is compared to measured total OA from PMF. Figure 3 compares observed and simulated HOA and OOA at the T0 site.
HOA
Models reproduce observed diurnal variations of HOA peaking in the early morning rush hour period due to traffic emissions as shown in Fig. 3a . However, all 3 modeling cases under-predict the magnitude of observed peak in HOA. Figure 3c shows that on an average across all days, the default emissions (Case 1) under-predicts morning HOA peak by a factor of 3, implying problems with the 2006 emissions inventory. Case 2 (9-species VBS) and Case 3 (2-species VBS) with twice the anthropogenic S/IVOC emissions better represent traffic emissions. Table 3 shows bias and correlation coefficients of HOA, OOA and BBOA comparing WRF-Chem predictions to AMS PMF data. Table 3 shows a higher negative HOA bias of −2.97 µg m −3 for Case 1 compared to other two cases. Also, since the spatial and temporal variation of POA emissions is similar for all three cases, the Pearson correlation coefficient for HOA is same for the three cases. HOA peak from 9-species VBS is 35 % higher than 2-species VBS during early morning. The difference is related to the volatility distribution of SVOC emissions, as the 9-species VBS allows dynamic gas-particle partitioning using a globally non-volatile fraction of 22 % as described earlier, while the 2-species VBS assumes that a constant fraction (onethird) of the SVOC emissions are HOA at all times. This is also reflected in small positive HOA bias of 0.5 µg m −3 for Case 2, as compared to a small negative bias of −0.3 µg m −3 for Case 3 when comparing against the AMS data (Table 3) . Figure 3b shows that after 18 March, OOA is under-predicted by all modeling cases. The diurnal average plot in Fig. 3d shows that PMF OOA increases by a factor of 3 during the afternoon as compared to night-time, due to photochemistry. But, Case 1 and Case 2 predict almost constant SOA concentrations throughout the day due to compensating effects of dilution by growth of boundary layer and photochemistry as day progresses. In addition, Table 3 shows significantly higher OOA negative bias (−2.6 µg m −3 ) for Case 1 compared to the other two cases. Among the 3 modeling cases, the 2-species VBS (Case 3) is closest to PMF OOA, predicting two times higher afternoon peak as compared to morning as shown in Fig. 3d . Also, Table 3 shows significantly higher correlation of SOA predictions from Case 3 (0.42) as compared to the other two cases (0.23 and 0.19 respectively). The differences between 9-species and 2-species VBS are due to volatility distribution of SOA, as the 2-species VBS causes all SOA formed to be almost non-volatile at ambient conditions (C * of 10 −2 µg m −3 ), while the 9-species VBS allows evaporation of SOA with dilution as the boundary layer grows. Higher correlation of 2-species VBS SOA predictions with AMS PMF OOA implies that SOA may be less volatile as compared to the volatility distribution in the 9-species VBS mechanism, as shown by Cappa and Jimenez (2010) and Dzepina et al. (2009 Dzepina et al. ( , 2011 . Consistent with this, Vaden et al. (2011) recently showed that both laboratory generated and ambient SOA particles do not evaporate at room temperature for hours even under extremely dilute vapor-free conditions. Also, within the existing modeling framework, the under-predictions of HOA and OOA using default emissions (Case 1) is caused due to lower emissions. Dzepina et al. (2009) in a box modeling study derived HOA and S/IVOC from observations, rather than the emissions inventory, and observed better closure between modeled SOA and OOA observations. Aiken et al. (2009) concluded that total primary PM (not the same as POA) was underestimated by about a factor of 4 with respect to the 2006 emissions inventory, therefore it is possible that an underestimation of urban POA emissions remains in Case 2, leading to the observed discrepancy. Also, the 2006 biomass burning emissions inventory for Mexico City of Wiedynmier et al. (2006) under-predicts BBOA as compared to PMF BBOA. Table 3 shows consistently high BBOA negative biases, on the order of −2 µg m −3 , for all three modeling cases. Missing SOA from biomass burning precursors may also be responsible for model-measurement differences in OOA, although the BBOA under-prediction is stronger during the early morning (Fig. 4c) , and the low levels of the biomass burning tracer acetonitrile at T0 during afternoons (Aiken et al., 2010 ) make this possibility less likely. 
OOA
Vertical profile, surface concentration and column burden
In addition to surface concentrations, it is also useful to look at vertical concentration profiles and total column integrated burdens of various OA components. Surface concentrations of pollutants are monitored for their health impacts, while vertical concentration profile and total column burden are important for climate effects. Figure 4a shows the vertical distribution of HOA, SOA, BBOA and total OA concentrations, while Fig. 4b shows ratio of OA components to total OA with height above ground level (a.g.l.) at the T0 site. HOA concentrations are maximum at the surface (48 % of total OA as shown in Fig. 4b ) and decrease with increasing AGL. SOA concentration is comparable to HOA at the surface, but decreases much slower as compared to HOA at higher levels. Figure  4b shows that ratio of SOA/total OA increases from 0.5 near the surface to 0.75 at 1-4 km a.g.l. height. Continued photochemical oxidation of SOA precursors in the atmosphere causes SOA to be dominant component of OA above the surface even over the highly urbanized T0 site as shown in Fig. 4b . Thus model predictions imply that SOA is the most important component of OA in the atmosphere affecting both human health and climate. The ubiquity and dominance of SOA in the atmosphere is also implied by PMF analysis of AMS measurements (Zhang et al., 2007) . The fractional importance of BBOA increases with height from 4 % near the surface to 12 % at 3 km a.g.l. as shown in Fig. 4b . The vertical distribution of BBOA emissions in WRF-Chem is based on the fire emission locations in the hills and mountains surrounding Mexico City, as well as mixing of smoke in the boundary layer before it is transported into Mexico City. Previous aircraft measurements have also seen increasing BBOA with height in Mexico City (Aiken et al., 2010; Crounse et al., 2009 ). Figure 4d shows diurnal variation of total column integrated burden (mg m −2 ) of OA components in the atmosphere. Solid lines in the figure represent results from Case 2 in present study, while dashed lines represent estimations from previous work by Aiken et al. (2010) . The SOA burden decreases during night-time, but increases due to photochemistry in the day peaking at 16:00-17:00 LT. The magnitude and timing of daytime peak in SOA burden is comparable to the previous estimates by Aiken et al. (2010) . Aiken et al. (2010) calculated the column burdens by multiplying surface concentrations with boundary layer depths assuming constant concentration across depth of boundary layer, but neglected species present above boundary layer in the morning. In the present study, column burden is calculated by integrating vertical concentration profile of OA components adding species present within and above the boundary layer till the top of modeling domain as predicted by WRFChem. SOA estimated by Aiken et al. (2010) in the nighttime and early morning till 08:00 LT are factor of 4-9 lower than present study as shown in Fig. 4d . There is good agreement for the middle of the day when the convective boundary layer is deep, but the column burden is strongly underestimated using the method of Aiken et al. (2010) in the nighttime and early morning when the boundary layer is shallow. This underestimation points to a very important conclusion that there is often substantial OA in the residual layer above the boundary layer in the night-time and early morning, and it should not be neglected in model calculations.
It is also instructive to compare diurnal variations of total column burden vs. surface concentration of various OA components as shown in Fig. 4c and d . Surface concentration shown in Fig. 4c changes due to evolution of boundary layer as the day progresses, but the total column integrated burden (shown in Fig. 4d) is not influenced by vertical dilution due to changing boundary layer. Model surface SOA concentrations do not indicate significant diurnal variation due to opposing effects of dilution and photochemistry, but total SOA burden shows a strong diurnal variation due to photochemistry. Also HOA surface concentration peaks at 07:00 LT, but column burden of HOA is nearly constant throughout the day. BBOA surface concentrations and column burden both show similar diurnal variations with peaks at 18:00 LT due to relatively uniform vertical distribution of BBOA shown in Fig. 4a and b. Total OA surface concentrations and column burden follow corresponding diurnal variations of SOA.
O:C ratio
O:C ratios provide another measure to verify the performance of SOA treatments, supplementing evaluations using OA mass and its components. The evolution of the carbon and oxygen parts of SI-SOA are explicitly tracked in WRFChem, making it possible to calculate temporal and spatial variations in elemental O:C ratios in the aerosol phase. In Fig. 5 , we evaluate modeled O:C ratio predictions in terms of 20-day diurnal variations at the T0 site, time averaged spatial variation across the modeling domain and along two C-130 flight transects in the atmosphere. Figure 5a compares measured and simulated temporal variation of O:C ratios at the T0 site, while Fig. 5b looks at 24-day average spatial variation of elemental O:C ratios predicted by Case 2. In this study, two oxygen atoms are added per generation of oxidation of S/IVOC precursors as discussed earlier. Figure 5a shows that all three modeling cases reproduce the temporal variations of O:C ratios, but the magnitude is under-predicted at the T0 site. Case 1 is closest to AMS measurements predicting higher elemental O:C ratios as compared to Case 2 and 3. O:C ratios decrease as fresh reduced primary organic emissions are added every hour in the model, but increase as photochemistry causes SOA formation with addition of oxygen. Case 1 has half of the fresh reduced anthropogenic emissions as compared to Case 2, resulting in higher O:C ratios.
Case 3 (2-species VBS) predicts very similar O:C ratios as Case 2 at T0 site as shown in Fig. 5a . The agreement in O:C ratios between Case 2 and Case 3 over the city is very interesting. Case 2 represents 9-species VBS with 15 % added oxygen mass per generation of oxidation, while Case 3 represent 2-species VBS with 50 % added oxygen and 7 times slower chemistry as compared to Case 2. Figure 5b shows that predicted 24-day average O:C ratios varies spatially ranging from a high of 0.3 at T0 site increasing to 0.6 further downwind, and could be as high as 0.7 over the Gulf of Mexico representing highly oxygenated organic material. In comparison, Hodzic et al. (2010) and Dzepina et al. (2011) predicted much smaller O:C ratios ranging 0.14-0.24 over the Mexico City domain using the ROB approach adding one oxygen atom per generation of oxidation following Robinson et al. (2007) . These studies better predicted the O:C ratios both within the city and downwind using the GRI approach in which the added oxygen mass was 40 % and the chemistry was 2 times slower than in our simulation. Figure 5c and d compare AMS O:C ratios to WRF-Chem simulations along C-130 flight tracks on 10 March (a high biomass burning day) and 29 March (a low biomass burning day), respectively. This comparison along the flight transects allows a more comprehensive evaluation of O:C ratios as compared to just ground site locations. A portion of the C-130 flight transects were located further downwind of Mexico City as discussed later. All 3 model Cases reproduce variations in measured AMS O:C ratios on 10 March reasonably well; but simulations under-predict peaks in O:C ratios, specially at downwind locations. The two large peaks in O:C ratios predicted by Case 1 and Case 2 in Fig. 5c are during lowest OA predictions events chiefly dominated by SOA. On March 29, WRF-Chem simulations consistently underpredict O:C ratios as compared to measurements (shown in Fig. 5d) . Most of the simulated values vary around 0.5, while AMS measured O:C ratios as high as 0.8 downwind of Mexico City on this day. It is important to note that the 2-species VBS (Case 3) predicts lower O:C ratios than 9-species VBS (Case 2) over downwind locations on this day; however the differences between these cases are less than 25 %. All 3 modeling cases show very similar temporal variations in O:C ratios, which is expected since temporal variations in emissions, deposition, meteorology, and chemistry are similar within WRF-Chem for all runs.
Results from both this study and previous studies show a strong sensitivity of O:C ratios to the assumed oxygen added per generation of oxidation and point towards a need for additional experimental validation. Also fragmentation reactions which could cause an increase in O:C ratios (Kroll et al., 2009) need to be included in future parameterizations. Improving emission estimates for e.g. increasing biomass burning emissions would also help to increase O:C ratio predictions bringing them closer to measurements. Accurate predictions of O:C ratios are important to better understand the resulting effects on direct and indirect radiative forcing of climate by relating aerosol optical properties and CCN activation as function of chemical processing of OA in the atmosphere ).
Evaluation of OA components at T1 site
The T1 site is located at the northern edge of the city. As discussed in Fast et al. (2009) , the present WRF-Chem setup uses 3 × 3 km 2 grid spacing which may not be enough to represent the strong spatial gradients of emissions in this region. Figure 6a -d compare average diurnal variations of AMS total OA, HOA, OOA and BBOA with corresponding WRFChem predictions. As shown in Fig. 6b , Case 1 with default emissions under-predicts the early morning HOA peak by a factor of 2, while the other two modeling cases reproduce both magnitude and timing of the early morning HOA peak. Figure 6c shows that PMF OOA peaks during late afternoon due to photochemical production of SOA. The timing of the late afternoon PMF OOA peak is best reproduced by Case 3, but Case 3 over-predicts magnitude of this peak by 40 %. In comparison, both Case 1 and Case 2 show SOA peaking later in the day as compared to PMF OOA. As shown in Table 3, while OOA bias is lowest for Case 1, Case 3 shows the highest correlation with PMF OOA at T1 site. Some of this over-prediction in SOA may also be due to uncertainties in chemistry parameterization producing too much SI-SOA downwind of the city center. Figure 6d shows two peaks in AMS PMF BBOA during early morning and late afternoon hours respectively. All model predictions clearly show significantly lower BBOA and do not capture the timing and magnitude of measured PMF BBOA, pointing to limitations in biomass burning emission inventory. Table 3 shows consistent negative biases in BBOA for all three modeling cases.
Overall, the default emissions inventory (Case 1) underpredicts surface level HOA at both T0 and T1 sites. Also, Table 3 shows significantly lower correlation of predicted and observed HOA at the T1 site as compared to the T0 site (0.27 for T1 vs. 0.50 for T0), suggesting that the spatial and temporal distribution of POA emissions needs to be revised in the 2006 emissions inventory. The diurnal variation of OOA is not well captured by all three modeling Cases at both T0 and T1 sites. Also, both 9-species and 2-species VBS schemes show significantly greater bias and lower correlations for OOA as compared to HOA at T0 and T1 sites as shown in Table 3 . But, Case 3 with 2-species VBS predicts OOA concentrations better at both T0 and T1 sites as compared to other two modeling cases, reflected in significantly higher correlation coefficients of Case 3 predictions with AMS OOA. Since SI-SOA contributes major fraction of SOA within the modeling domain, these results suggest that both volatility distribution and chemistry parameterizations of SI-SOA are poorly constrained. Consistent with trends in HOA and OOA, total OA is under-predicted by Case 1, at both T1 and T0 (not shown) sites as compared to observations.
Evaluation of OA components aloft
AMS measurements aloft are available from G-1 (Kleinman et al., 2008) and C-130 (DeCarlo et al., 2008) aircraft flight transects. The two aircrafts made several transects on different days flying above the center of Mexico City and downwind. This high-time resolution AMS data is valuable to study time evolution and growth of organic aerosols as they move from city to further downwind locations.
Figures 7 and 8 compare WRF-Chem outputs to highly time resolved AMS data for OA components along the C-130 transect on 10 March and the G-1 transect on 15 March, respectively. On 10 March, MODIS detected several large fires within 60 km of Mexico City, thus it was a high biomassburning day. March 15 was a day with relatively low biomass burning. Both WRF-Chem and AMS data are averaged to 1 min time intervals to reduce high-frequency variability and ease visual comparison.
C-130 flight on 10 March
On the morning of 10 March, 2006, the C-130 aircraft encountered a large number of biomass burning fires as detected by MODIS fire counts as it flew from the Gulf of Mexico towards Mexico City. The aircraft sampled several downwind locations between Mexico City and Veracruz at 11:00-14:00 LT. Figure 7a shows that there may be small transport and dilution errors close to 12:30-13:00 LT shown by difference in measured and simulated CO concentrations. When the aircraft flew close to the city over T0 and T1 sites (14:30-16 :00 LT), Fig. 7a shows that CO is over-predicted somewhat by WRF-Chem as compared to observations; however, the temporal variations look consistent. The C-130 then flew back to Veracruz late in the afternoon. The high temporal variability in CO and OA emissions is caused by the aircraft flying within and outside the boundary layer. Figure 7b shows that variations in total OA over city region are reasonably simulated by all WRF-Chem modeling cases. WRF-Chem slightly under-predicts total OA over the city as compared to AMS data. However, when the aircraft flew over downwind locations earlier during the day, WRF-Chem overpredicts total OA by more than a factor of 2 as compared to AMS measurements. Figure 7c shows that HOA is under-predicted by all modeling cases over the city. Also, at downwind locations, OOA is over-predicted by upto a factor of 5 by all three modeling cases as shown in Fig. 7d . The overestimation in OOA points to missing processes such as fragmentation reaction which are not included in this study. Figure 7e shows that BBOA is consistently under-predicted both over the city and downwind locations pointing to problems in the biomass burning emissions inventory. Figure 7f quantifies different SOA source-contributions in this study along the flight track using Case 2. These include V-SOA from traditional anthropogenic and biogenic precursors (A-V-SOA and B-V-SOA), and SI-SOA from S/IVOC precursor emissions related to anthropogenic and biomass burning emissions (A-SI-SOA and BB-SI-SOA respectively). Both over the city and at downwind locations A-SI-SOA and BB-SI-SOA are equally important. Traditional A-V-SOA and B-V-SOA contributes a much smaller fraction to SOA both over city and downwind locations, and biomass burning and anthropogenic emissions (predominantly traffic emissions) are the two major SOA precursor sources within and around the Mexico City region. Total simulated OA in Fig. 7b looks better as compared to individual derived OA components due to compensating errors from simulated HOA and BBOA that are too low and OOA that is too high.
G-1 flight on 15 March
Another example is shown in terms of G-1 flight transects on the morning of 15 March in Fig. 8 . This was a low biomass burning day as compared to 10 March. As shown in Fig. 8a , spatial variations of predicted CO are qualitatively similar to observations. The largest scatter in observed and simulated CO occurs over the city due to errors in timing and location of simulated plume . Figure 8b shows that variations in total OA are reasonably simulated by WRF-Chem over the city and nearby downwind locations. OA is over-predicted at farther downwind locations mainly due to over-prediction in OOA. As shown in Fig. 8c , simulated HOA is under-predicted over the city as compared to AMS HOA (during 11:00-11:30 LT). Case 1 predicts lower HOA as compared to other two cases due to lower anthropogenic S/IVOC emissions as discussed earlier.
The consistent under-prediction in HOA suggests possible errors in SVOC emissions or volatility distribution of emissions, e.g. a potentially higher fraction of SVOC emissions being non-volatile than assumed in the current model.
Between 10:00-10:30 LT and 11:30-12:30 LT the aircraft flew downwind over T1 and between Mexico City and Veracruz farther downwind. Figure 8d shows that OOA is overpredicted both over the city and downwind by all modeling cases, with much higher over-prediction downwind as compared to over city. Figure 9 shows that WRF-Chem predictions of HOA are lower than that derived from PMF, while WRF-Chem over-predicts SOA on most flight days, consistent with all discussions so far. PMF HOA also shows significantly greater variability on any given day as compared to predictions. Part of the variability in PMF HOA may arise due to the fact that PMF of unit resolution data used for the G-1 aircraft, has difficulty separating contributions of HOA and BBOA ). C-130 data utilize high-resolution AMS data, which is much better able to separate HOA and BBOA components. But as discussed earlier, significant spatial and temporal variation of emissions also causes higher variability in PMF HOA which is not captured by 2006 MCMA emissions inventory used in this work.
Almost an opposite trend is seen for OOA in Fig. 9b . On most days, the model over-predicts SOA as compared to corresponding PMF OOA. In addition, the model predictions show greater variability as compared to PMF observations. The greatest predicted variability in the simulations is seen for the C-130 flight on 10 March. 10 March was a high biomass burning day with several large fires within 60 km of Mexico City. Biomass burning contributions to SI-SOA on this day were similar to anthropogenic SI-SOA contributions (as shown in Fig. 7f ). Figure 9c shows that predicted BBOA across most flight tracks (especially evident on high biomass burning days, such as 10 March) is too low, pointing to significant uncertainties and missing biomass burning smoke emissions in the inventory used here. Most importantly, Fig. 9 shows that the magnitude and variability of HOA, SOA and BBOA predicted by 9-species VBS and 2-species VBS mechanisms are very similar. This comprehensive evaluation using aircraft measurements over both city and downwind locations provides evidence of the utility of the condensed 2-species VBS mechanism to represent OA in climate models. WRF-Chem under-predicts total OA across most G-1 flight transects as shown in Fig. 9d , consistent with under-prediction of HOA and BBOA over the city. Also, WRF-Chem over-predicts total OA at farther downwind locations as shown by the two C-130 flights on 10 and 29 March respectively, due to significant over-prediction of SOA downwind. Section S3.0 in the supporting online information compares predictions from WRF-Chem using 9-species VBS (Case 2) against CHIMERE model predictions described by Hodzic et al. (2010) . The main differences include the following: (1) WRF-Chem uses online meteorology and CHIMERE uses offline meteorology, as discussed earlier, (2) the CHIMERE model includes the wet deposition of aerosols, whereas WRF-Chem does not, and (3) the emissions of POA are based on two different inventories. Differences in coupling of processes between online and offline air quality modeling, as discussed by Grell et al. (2004) , likely contribute to some of the differences in the chemical fields between WRF-Chem and CHIMERE. Additional differences in gas-phase chemistry, dry deposition, and implementation of VBS between the two models are discussed in Sect. S3.0. Section S3.0 shows that predictions of WRFChem and CHIMERE are comparable at the T0 site, while WRF-Chem predicts on average 50 % higher (and closer to observed) SOA than CHIMERE at the T1 site.
Discussion
The VBS approach formulated by Robinson et al. (2007) is useful to represent varying gas-particle partitioning and multi-generational photochemical aging of a complex mixture of thousands of organic species in air-quality models. In this work, it is shown that HOA is better simulated by the VBS approach as compared to OOA. Model simulation with the all 3 Cases show significantly high bias and low correlations with AMS PMF OOA at the T0 and T1 sites (Table 3 ). In addition the VBS approach significantly overpredicts OOA downwind of city as shown by flight transects. These results show limitations in representation of processes contributing to formation and evolution of secondary organic aerosols in models. As shown in this study and several recent studies using this approach for Mexico City (Dzepina et al., , 2011 Hodzic et al., 2010; Shrivastava et al., 2008; Tsimpidi et al., 2010) , experiments constraining various parameterizations related to emissions of S/IVOC precursors, volatility distribution, and chemistry including functionalization, fragmentation and oligomerization reactions are needed to improve predictions of both mass and oxidation state of OA in the atmosphere. In addition, Vaden et al. (2011) recently showed that SOA particles in both laboratory and ambient environments evaporate much slower than predictions of kinetic models based on absorptive partitioning theory, challenging fundamental assumptions of instantaneous reversible equilibrium and liquid-like SOA behavior in SOA models. The implications of Vaden et al. (2011) study on SOA predictions needs to be evaluated in the future. More research is also needed to make sure that total OA is accurately predicted for the right reasons: i.e. all the components of OA including HOA, OOA, and BBOA need to be right as well. In addition, models also need to capture the evolution of O:C ratios of OA. AMS measurements during field experiments involving both ground and aircraft flights are valuable to help constrain parameters of the VBS approach. For example, we showed that biomass burning emissions are consistently under-predicted by all model cases at both ground and aircraft locations pointing to a continued need to revise biomass burning emissions in and around Mexico City region. In addition, consistent under-prediction in HOA within the city center and most aircraft flights aloft suggest that either primary anthropogenic SVOC emissions need to be increased or SVOC emissions have a higher nonvolatile fraction than currently assumed. Also, Fig. S2 in the Supplement shows higher scatter in PMF HOA when plotted against CO as compared to WRF-Chem predictions. This suggests that spatial and temporal variation of emissions in 2006 MCMA inventory need to be revised. In addition, the effect of loss mechanisms such as dry deposition of S/IVOC vapors downwind need to be quantified experimentally. Karl et al. (2010) recently showed that dry deposition of oxygenated VOCs is substantially larger than previously assumed for deciduous ecosystems. Models need to account for changing dry deposition as a function of photochemical aging of organics in the atmosphere. Accurate representation of all physical and chemical processes affecting OA is necessary to get the right answers for the right reasons in climate models. OA and organic vapor measurements also need substantial improvements. Uncertainties in AMS measurements and subsequent PMF analysis also need to be better quantified. These uncertainties will vary spatially and temporally due to two factors. First, there were possible variations in collection efficiency among the different G-1 flights (Kleinman et al., 2008) . These variations are inconsistent, however, with the good intercomparisons observed for the C-130 aircraft at the T0 site and the uncertainty analysis of collection efficiency (CE) in several campaigns by Middlebrook et al. (2011) , which highlights the difficulty of determining AMS CE from single instrument intercomparisons in the field. Second, PMF will have difficulty separating the contribution of different OA factors at locations and times when markers for different factors as HOA, OOA and BBOA co-vary in the atmosphere (which often occurred during MI-LAGRO), especially when unit-resolution data is used as for the G-1 aircraft and the T1 site ). Comparing PMF results to predictions from a source-oriented modeling approach such as WRF-Chem helps to identify the range of uncertainties in both source-oriented and PMF based approaches. At the same time, information from both types of approaches needs to be combined in a consistent manner to improve OA predictions in the atmosphere. In addition to improvements of the AMS and its analysis techniques, additional real-time instruments for OA characterization need to be developed and deployed, especially those that may have more detailed chemical markers for OA from different sources. Importantly, a measurement of total gasphase species with some volatility and/or chemical resolution such as O:C (analogous to the AMS) is critically needed, as otherwise no comparison of predicted vs. measured bulk gasphase species is possible, as in this study. Finally resolving the discrepancies between different non-fossil carbon measurements and performing those measurements with higher time resolution is important for better constraining model results, as discussed in Sect. S2.0 in the Supplement. In addition, several other processes such as formation of SOA from volatile species as glyoxal, increase of biogenic SOA yields in presence of anthropogenic pollution for e.g. formation of organo-sulfates, organo-nitrates and esterification processes, and SOA formation in clouds, need to be studied and included in models.
Conclusions
The WRF-Chem community model has been revised to include SOA formation coupled to the inorganic MOSAIC code for the first time. Traditional V-SOA formation using NO x -dependent yields from both traditional anthropogenic and biogenic VOC precursors are included. Non-traditional SOA formation from S/IVOC precursors is also implemented using the volatility basis-set approach following Robinson et al. (2007) . In addition to 9-species VBS approach to model SI-SOA formation from S/IVOC precursor emissions, a highly condensed 2-species VBS approach is developed and tested with respect to similarity to the detailed 9-species VBS approach. AMS measurements at ground sites and aircraft sampling during MCMA 2006 is used to evaluate WRF-Chem simulations. Results show that 2-species VBS predictions of total OA, HOA, OOA and BBOA are similar to the 9-species VBS predictions (with same S/IVOC emissions) at both ground locations (T0 and T1 sites) and along 10 aircraft transects studied. This comprehensive evaluation includes a range of conditions from city center to downwind locations.
In addition, the 2-species VBS also predicts evolution of O:C ratios similar to the 9-species VBS approach (within 25 %). The simplified 2-species mechanism reduces the computational cost by a factor of 2 as compared to 9-species VBS. Thus the condensed 2-species mechanism is better suited for routine applications using computationally expensive models such as WRF-Chem running coupled cloudaerosol-meteorology as well as global models. Validating the 2-species to the 9-species VBS predictions is an essential first step to using these highly condensed SOA mechanisms designed to represent the full complexity of information (both mass and oxidation state of OA). However, as discussed in the text both 9-species and 2-species VBS formalisms do not simulate SOA well. Future studies need to re-evaluate either of these VBS approaches as new experimental data on SOA formation and atmospheric evolution, and emissions of S/IVOC precursors are available, which is beyond the scope of this study.
In the future, we also plan to evaluate the impact of evolving mass and oxidation state (O:C ratio) of OA on aerosol optical properties (e.g. refractive index), hygroscopicity and CCN activity, and dry deposition of S/IVOC precursors varying with O:C ratios by means of WRF-Chem using more recent field and laboratory data. Additional well-coordinated field and laboratory measurements are needed to constrain these parameterizations as a function of photochemical aging of OA in the atmosphere.
Supplementary material related to this article is available online at: http://www.atmos-chem-phys.net/11/6639/2011/ acp-11-6639-2011-supplement.pdf.
